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ABSTRACT 


The  characteristics  of  the  quasi-static  TEM  mode  of  a  cylindrical  microstrip  transmission 
line  are  investigated  using  the  finite  difference  technique.  The  transmission  line  consists  of  two 
perfectly  conducting  strips  located  between  two  different  layers  of  dielectric  materials,  and  a 
dielectric  notch  embedded  in  the  substrate  between  two  strips.  The  dielectric  overlay  and 
substrate  are  truncated  for  practical  purposes.  The  formulation  of  the  problem  is  based  on  the 
solution  of  Laplace’s  equation  subject  to  appropriate  boundary  conditions  and  the  use  of  Taylor’s 
expansion  to  approximate  the  first  and  the  second  order  derivatives  in  Laplace’s  equation.  To 
truncate  the  finite  difference  mesh,  three  different  kinds  of  artificial  boundaries  have  been 


considered.  It  has  been  found  that  an  efficient  solution  is  obtained  when  the  artificial  boundary 
is  separated  from  the  conducting  core  at  a  distance  of  the  order  of  the  height  of  the  substrate. 
The  goal  of  this  research  is  to  study  the  effects  of  the  parameters  of  the  multi-layered  cylindrical 
transmission  line  on  the  odd  and  even  mode  phase  velocities,  and  on  the  electrical  coupling. 
Another  objective  of  this  study  is  to  present  several  techniques  to  minimize  the  coupling  between 
the  two  conductors.  Once  the  odd  and  even  mode  phase  velocities  are  equalized,  the  design  of 


a  distortionless  line  is  achievable.  The  line  capacitances  are  found  to  vary  linearly  with  the 


dielectric  constants  of  the  overlay  and  the  substrate. 


Accesion  For 

NTIS  CRA&I 
DTIC  TAB 
Unannounced  □ 
Justification 


By _ 

Distribution  / 


Availability  Codes 

Dist 

M 

Avail  £ 
Spe 

nd/or 

cial 

11 


ACKNOWLEDGMENT 


This  work  was  supported  in  part  by  the  Army  Research  Office  under  grant  number  D  AAH04-94- 
G-0355,  and  The  University  of  Mississippi  through  a  Faculty  Research  Award. 

The  authors  would  like  to  express  their  appreciation  to  Mr.  Vicente  Rodriguez-Pereyra  for 
helping  in  the  preparation  of  this  document. 


lU 

TABLE  OF  CONTENTS 

Page 

ABSTRACT  . i 

ACKNOWLEDGEMENT . ii 

TABLE  OF  CONTENTS  . iii 

LIST  OF  FIGURES . v 

LIST  OF  SYMBOLS . xv 

Chapter 

l.  INTRODUCTION . 1 

n.  FORMULATION . 5 

2.1  Finite  Difference  Approximations . 5 

2.2  First  Order  Approximate  Boundary  Condition  (ABCl)  . 13 

2.3  Second  Order  Approximate  Boundary  Condition  (ABC2) . 17 

2.4  Banded  Matrix  Solution . 20 

m.  COMPUTATION  OF  THE  CYLINDRICAL  TRANSMISSION  LINE 

CHARACTERISTIC  PARAMETERS  . 22 

3.1  The  Charges  on  the  Strip  Lines  . 22 

3.2  Computation  of  Mutual  and  Self  Capacitances  . 27 

3.3  Impedance,  Phase  Velocity,  and  Effective  Permittivity .  27 

3.4  Coupling  Coefficient . 29 

IV.  NUMERICAL  RESULTS . 30 

4.1  Microstrip  Transmission  Line  with  a  Notch  . 30 


IV 


Chapter 

4.1.1  Verification  of  Computed  Data . 30 

4.1.2  Effect  of  Artificial  Boundary . 33 

4.1.3  Convergence  of  Numerical  Results  . 38 

4.1.4a  Effect  of  the  Dielectric  Material  of  Overlay  (Superstrate) . 38 

4.1.4b  Effect  of  the  Substrate  Dielectric  Material  . 49 

4.1.4c  Effect  of  the  Notch  Dielectric  Material  . 57 

4.1.5  Effect  of  the  Width  of  Strips .  62 

4.1.6  Effect  of  the  Spacing  between  Strips  . 67 

4.1.7  Effect  of  the  Heights  of  the  Substrate  and  the  overlay . 72 

4.2  Performance  of  Transmission  Line  without  a  Dielectric  Notch  . 86 

4.2.1  Effect  of  the  Dielectric  Constant . 86 

4.2.2  Effect  of  the  Spacing  between  Strips  . 89 

4.3  Effect  of  the  Structure  Parameters  . 89 

4.3.1  Effect  of  the  Size  of  Truncation . 94 

4.3.2  Effect  of  the  Thickness  of  Strips . 94 

V.  SUMMARY  AND  CONCLUSIONS  . 102 

VI.  REFERENCES  . 103 


V 


LIST  OF  FIGURES 

Figure  Page 

1.  Geometry  of  a  coupled  cylindrical  microstrip  transmission  line . 2 

2.  Truncation  of  the  substrate  and  overlay  of  a  cylindrical  transmission  line . 4 

3.  Finite  difference  mesh . 6 

4.  Grid  points  at  an  interface  between  dielectric  regions  . 8 

5.  Grid  point  c  at  the  intersection  of  four  different  dielectric  regions  . 11 

6.  Grid  point  c  at  a  comer  of  dielectric  notch  . 14 

7a.  Charge  computation  on  the  left  and  right  sides . 24 

7b.  Charge  computation  on  the  top  and  bottom  sides . 26 


Figures  listed  below  correspond  to  the  microstrip  transmission  line  with  a  notch 


as  shown  in  Figs.l  and  2 

8a.  Even  and  odd  modes  characteristic  impedances  versus  ria 

(h2=0.2,  h3=0.5,  t=0.001,  5„=53=2.0(a-r)/a,  5=360°,  e,i  =  1.0, 

€,2=e.3=9.6,  N2=1,  N3=4,  N4=5)  . 31 

8b.  Even  and  odd  modes  effective  permittivities  versus  rIa 

(h2=0.2,  h3=0.5,  t=0.001,  5„=53=2.0(a-r)/a,  5=360°,  e,i  =  1.0, 
e,2=e.3=9.6,  N2=l,  N3=4,  N4=5)  . 32 


9a.  Effect  of  artificial  boundary  on  capacitances  for  non-truncated  CMSTL 
(hi=0.2,  h2=0.1,  t=0.001,  5^=10°,  53=10°,  5„=6°,  e,i=2.2, 
e^=4.7,  e,3=9.6,  5=360°,  N,  =  10,  Ni=4,  N2=l,  N3=3,  N4=3~8) 


34 


Figure 

9b.  Effect  of  artificial  boundary  on  Coupling  and  phase  velocities 


VI 


Page 

for  non-truncated  CMSTL 

(hi=0.2,  h2=0.1,  t=0.001,  5„=10°,  8=10°,  6„=6°,  e,i=2.2, 

e^=4.7,  e,3=9.6,  5=360°,  N„=10,  Ni=4,  N2=1,  N3=3,  N4=3~8)  . 35 

9c.  Effect  of  artificial  boundary  on  impedances  for  non-truncated  CMSTL 
(hi=0.2,  h2=0.1,  t=0.001,  5„=10°,  5,=10°,  6„=6°,  e,i=2.2, 

e^=4.7,  e,3=9.6,  5=360°,  N„=10,  N,=4,  N2=1,  N3=3,  N4=3~8)  . 36 

9d.  Effect  of  artificial  boundary  on  effective  permittivities 
for  non-truncated  CMSTL 

(hi=0.2,  h2=0.1,  t=0.001,  5^=10°,  5,=  10°,  5„=6°,  €,1=2.2, 
e^=4.7,  €,3=9.6,  5=360°,  N,,=10,  Ni=4,  N2=l,  N3=3,  N4=3~8)  . 37 


10a.  Convergence  of  numerical  results  for  non-truncated  CMSTL 

(hi  =0.2,  h2=0.1,  h3=0.5,  t=0.001,  5,,= 10°,  5,=  10°,  5„=6°,  €,i=2.2, 

e^=4.7,  €,3=9.6,  5=360°,  N,,=4~  12,  Ni=4,N2=1,N3=3,N4=4) . 39 

10b.  Convergence  of  numerical  results  for  truncated  CMSTL 

(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  5,,=10°,  5,=10°,  5„=6°,  e,i=2.2, 

^.^=4.7,  e,3=9.6,  a,=72°,  N,,=4~12,Ni=4,N2=1,  N3=3,  N4=4) . 40 

11a.  Effect  of  dielectric  overlay  on  capacitances  for  non-truncated  CMSTL 


(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  5„=10°,  5,=  10°,  5„=6°, 
e^=4.7,  €,3=9.6  and  1.0,  5=360°,  N^=8,  Ni=4,  N2=l,  N3=3,  N4=4)  . 41 


vu 


Figure  Page 

lib.  Effect  of  dielectric  overlay  on  coupling  and  phase  velocities 
for  non-truncated  CMSTL 

(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  8„=10°,  8,=  10°,  5„=6°, 

e^=4.7,  e,3=9.6  and  1.0,  8=360°,  N^=8,  Ni=4,  N2=l,  N3=3,  N4=4)  . 42 

11c.  Effect  of  dielectric  overlay  on  impedances  for  non-truncated  CMSTL 
(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  8„=10°,  8,=  10°,  8„=6°, 

e^=4.7,  e,3=9.6  and  1.0,  8=360°,  N„=8,  Ni=4,  N2=l,  N3=3,  N4=4)  . 43 

lid.  Effect  of  dielectric  overlay  on  effective  permittivities  for  non-truncated  CMSTL 
(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  8„=10°,  8,=10°,  8„=6°, 

e^=4.7,  €,3=9.6  and  1.0,  8=360°,  N„=8,  Ni=4,  N2=l,  N3=3,  N4=4)  . 44 

12a.  Effect  of  dielectric  overlay  on  capacitances  for  truncated  CMSTL 
(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  8„=10°,  8,=  10°,  8„=6°, 

e_^=4.7,  e,3=9.6  and  1.0,  a, =72°,  N„=10,  Ni=4,  N2=l,  N3=3,  N4=4) . 45 

12b.  Effect  of  dielectric  overlay  on  coupling  and  phase  velocity 
for  truncated  CMSTL 

(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  8,,=  10°,  8,=  10°,  8„=6°, 

e^=4.7,  €,3=9.6  and  1.0,  a,=72°,  N,,=10,  Ni=4,  N2=l,  N3=3,  N4=4) . 46 

12c.  Effect  of  dielectric  overlay  on  impedances  for  truncated  CMSTL 


(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  8„=10°,  8,=10°,  8„=6°, 

€,2=4.7,  €,3=9.6  and  1.0,  oi=12\  N„=10,  Ni=4,  N2=l,  N3=3,  N4=4) 


47 


Figure 

12d.  Effect  of  dielectric  overlay  on  effective  permittivities  for  truncated  CMSTL 


Vlll 


Page 

(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  5w=10°,  53=10°,  5„=6°, 
e^=4.7,  e,3=9.6  and  1.0,  a  =12°,  N„=10,  N,=4,  N2=l,  N3=3,  N4=4) . 48 


13a.  Effect  of  dielectric  substrate  on  capacitances 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  53=10°,  5„=6°, 

ert=2.2,  e,3=9.6,  a  =12°,  N„=10,  Ni=4,  N2=l,  N3=3,  N4=4) . 51 

13b.  Effect  of  dielectric  substrate  on  coupling  and  phase  velocity 
(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5„=10“,  53=10°,  5„=6°, 

e„=2.2,  e,3=9.6,  ^3=72°,  N„=10,N,=4,  N2=1,  N3=3,N4=4) . 52 

13c.  Effect  of  dielectric  substrate  on  impedances 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  53,=  10°,  53=10°,  5„=6°, 

e,i=2.2,e,3=9.6,  03=72°,  N„=10,Ni=4,N2=1,N3=3,N4=4) . 53 

13d.  Effect  of  dielectric  substrate  on  effective  permittivities 

(hi =0.2,  h2=0.2,  h3=0.5,  t=0.001,  5„=10°,  53=10°,  5„=6°, 

€,2=2.2,  €,3=9.6,03=72°,  N,,=10,Ni=4,N2=1,N3=3,N4=4) . 54 

14a.  Effect  of  dielectric  substrate  on  capacitances 

(hi  =0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  53=10°,  5„=6°, 

€,1=2.2,  €,3=1.0,  03=72°,  N,,=10,  Ni=4,  N2=l,  N3=3,  N4=4) . 55 

14b.  Effect  of  dielectric  substrate  on  coupling  and  phase  velocities 


(hi  =0.2,  h2=0.2,  h3=0.5,  t=0.001,  5,,=  10°,  53=10°,  5„=6°, 
€,1=2.2,  €,3  =  1.0,  03=72°,  N„=10,  Ni=4,  N2=l,  N3=3,  N4=4) 


56 


Figure 
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I.  INTRODUCTION 

Cylindrical  microstrip  transmission  lines  with  multilayer  dielectrics  operating  in  the  quasi- 
TEM  mode  have  recently  received  much  attention  in  the  microwave  literature  [1-5].  Using 
flexible  dielectrics,  it  is  possible  to  construct  non-planar  transmission  lines  that  can  be  placed 
around  conducting  cylindrical  surfaces.  With  the  application  of  smaller  and  denser  circuit 
dimensions,  the  coupling  between  circuit  connections  limits  the  performance  of  the  cylindrical 
microstrip  transmission  lines  (CMSTL).  It  is  very  important  to  find  practical  methods  to 
accurately  analyze  and  control  the  coupling  between  transmission  lines. 

In  this  project,  attention  is  focused  on  the  problem  of  reducing  coupling  between  two 
conducting  microstrip  transmission  lines.  One  possible  technique  is  by  employing  a  dielectric 
notch  embedded  between  the  two  conducting  lines  as  shown  in  Fig.  1 .  The  reduction  of  coupling 
can  be  approached  by  proper  selecting  the  size  of  the  notch  and  the  relative  permittivities  of  the 
overlay,  substrate  and  notch  regions. 

The  CMSTL  geometry  shown  in  Fig.  1  is  treated  as  quasi-TEM  mode  problem.  Laplace’s 
equation  is  solved  for  the  potential  distribution  V(p,^)  in  the  various  dielectric  regions  by 
applying  the  proper  boundary  conditions.  The  finite  difference  method  (FD)  is  used  to 
approximate  the  derivatives  involved  in  Laplace’s  equation.  Then,  the  integral  form  of  Gauss’s 
law  is  used  to  derive  an  expression  for  the  scalar  potential  on  the  interfaces  between  different 
dielectric  regions  and  to  compute  the  total  charge  on  the  strips.  Two  approximate  (asymptotic) 
boundary  conditions  (ABC)  at  the  outer  artificial  boundary  are  developed  to  truncate  the  finite 
difference  mesh.  The  solution  of  Laplace’s  equation  in  cylindrical  coordinate  system  has  been 
described  by  R.F.  Harrington  and  Pontoppidan  [6].  A  method  for  the  solution  of  the  problem 
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of  cylindrical  transmission  line  in  one  homogeneous  dielectric  medium  is  discussed  by  Joshi  [7]. 
The  theory  of  quasi-TEM  modes  on  coupled  transmission  lines  in  terms  of  voltage  and  current 
eigenvectors  is  developed  by  Kajfez  [8,  9].  It  has  been  shown  that  the  even  and  odd  modes  are 
possible  only  when  the  coupled  transmission  lines  are  of  symmetric  shape. 

The  purpose  of  this  study  is  to  present  a  FD  solution  to  analyze  and  to  control  the 
coupling  between  the  conducting  lines  through  the  use  of  dielectric  notch  and  truncated  dielectric 
substrate  and  superstrate.  Here,  an  ideal  model  is  considered,  where  the  conductors  are  assumed 
to  be  perfectly  conducting,  the  dielectric  materials  are  lossless,  isotopic  and  homogeneous.  The 
thickness  of  each  conductor  is  not  necessary  assumed  to  be  zero. 

With  a  program  written  in  FORTRAN  language,  the  characteristic  parameters  of  the 
CMSLTs  shown  in  Figs.l  and  2,  such  as  the  self  and  mutual  capacitances  (C^,  C21),  coupling 
coefficient  (Jc^,  even  and  odd  modes  characteristic  impedances  (Z^,  Z^),  normalized  phase 
velocities  (v^,  vj,  and  the  effective  permittivities  (e^)  are  studied  through  a  set  of  numerical 
examples  presented  in  this  report. 


Artificial  or  Shielded  Boundary 


Fig. 2  Truncation  of  the  substrate  and  superstrate 
of  a  cylindrical  transmission  line 
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n.  FORMULATION 


2-1.  Finite  Difference  Approximations 

Through  the  years,  many  numerical  methods  have  been  developed  for  the  analysis  of  the 
characteristics  of  microstrip  transmission  lines  [6].  Among  those  is  the  widely  known  finite 
difference  technique.  For  the  quasi-static  2-D  problems  shown  in  Fig.l,  the  potential,  V, 
everywhere  can  be  described  using  Laplace’s  equation  in  the  cylindrical  coordinates  as: 


.  ilZ  .  .  0  (1) 

P  dp  d4>^ 

The  finite  difference  technique  is  used  to  approximate  the  derivatives  involved  in  Laplace’s 
equation.  This  numerical  approximation  is  based  upon  calculating  the  potential  at  a  certain  node 
as  a  function  of  neighboring  grid  points,  or  nodes.  In  general,  assuming  that  we  have  three 
consecutive  nodes  i,  c,  r,  as  shown  in  Fig.3,  if  Taylor’s  expansion  is  applied  at  node  r  and  f 


in  the  ^  direction,  this  resulting  equation  can  be  expressed  as: 


dV,  1  ,  d^V 

V  =  V  -  (4>  -  4>)  _ -+-(<!>  -  ^ 


dv^  1  (3) 

V,  =  .  (*,  - 

where  V^,  V^,  V,  represent  the  potential  at  node  r,  c  and  t  respectively.  Equations  (2)  and  (3) 
can  be  rearranged  to  solve  for  the  first  and  second  derivatives  with  respect  to  as: 
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d<i>  '(0,-</)^)(<^j-</)^)  ''(<i>i-(f>x<t>^-(i)) 


a^y  9  9  9 

_ :=y _ ± _ +y, _ ^  -y  ^  (5) 

d<f>^  " (^r^X^r^r)  (<f>r^X^r^r)  ‘'(<l>r<f^X^c~^) 

Similar  expressions  for  the  first  and  the  second  derivatives  with  respect  to  p  can  be  obtained  by 
applying  Taylor’s  expansion  at  nodes  t  and  Z?  in  the  p  direction  as  shown  in  Fig. 3,  which  are 
expressed  as: 


(Pf-^Pb-^Pc)  (Pc-Pb)  (Pt-Pc) 

"  (P,-pXPc~Pb)  '  (Pc~Pb)(PrPc)  (PrPb)(Pc~Pb) 

and 


3^y  9  9  9 

_ i=V _ - _ 4-y  ^  -v  ^  (7) 

dp^  ‘ (prPc)(prPb)  (Pc~p^ip,-pb)  '^rp)^c~Pb) 

where  V,  and  Vj,  are  potentials  at  nodes  t  and  b,  respectively. 

Figure  4  shows  how  the  grid  points  are  distributed  in  different  regions.  It  also  shows  a 
node  point  c  and  its  four  immediate  neighbors  in  a  homogeneous  medium  and  on  an  interface 
between  two  dielectric  regions.  For  example,  the  grid  point  c  in  a  homogeneous  region  is 
adjacent  to  four  nodes;  t  and  Z>  in  p  direction,  and  t  and  r  in  0  direction.  Applying  Laplace’s 
equation  (1),  to  a  point  c  in  a  homogeneous  region  yields 


Artificial  or  shielded  boundary 


Fig. 4  Grid  points  at  an  interface  between  different 
resions  or  at  the  outer  boundary 
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It  is  important  to  note,  at  this  point,  that  this  type  of  analysis  applies  to  uniform  as  well 
as  to  nonuniform  meshes.  In  fact,  equation  (8)  could  be  easily  specified  for  a  uniform  mesh 
where  the  potential  at  node  point  c  reduces  to 

K  =  jtn  .  (?) 

Equation  (9)  is  known  as  the  five-point  equal  arm  difference  equation. 

The  boundary  conditions  for  the  CMSTL  shown  in  Figs.l  and  2  are: 

V  =  Vi  on  strip  1 

V  =  V2  on  strip  2 

V  =  0  on  the  surface  of  the  circular  core 

f  D-ds  =  0  on  any  closed  surface  containing  a  dielectric  interface 
On  a  dielectric  interface  separating  two  regions,  the  normal  component  of  displacement 
vector  D  must  be  continuous  and  hence: 


(10) 
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This  condition  is  based  on  Gauss’s  law  for  the  electric  field,  which  can  be  described  as 

jD'ds  =  jeE-ds  =  =0  (H) 

Where  <2enc  is  set  to  zero  since  no  free  charges  exist  on  the  dielectric  boundary  or  in  dielectric 
regions.  Since  there  is  no  dependence  of  z,  the  integral  along  z-axis  is  a  constant,  thus, 
substituting  E  =  -VV  in  equation  (11)  yields 


(feVV-ds  =  g  SeVV-ndt  =  g  <f  e—d£  =  0  (12) 

Js  Jl  J l  dn 

where  dV/dn  denotes  the  derivative  of  V  normal  to  the  contour  L,  and  g  is  the  length  of  the 
line  along  the  z-axis.  The  surface  integration  on  left  hand  side  of  equation  (12)  has  been  replaced 
by  a  contour  integration,  because  the  microstrip  transmission  lines  considered  are  two- 
dimensional  structures,  and  the  solution  of  the  potential  is  independent  of  z. 


For  the  geometry  shown  in  Fig.l,  a  general  expression  for  a  node  point  which  is 
surrounded  by  different  dielectric  regions  can  be  obtained.  Figure  5  is  an  expanded  view  of  a 
special  node  point  which  is  surrounded  by  four  dielectric  regions.  Based  on  Gauss’s  law, 
equation  (12)  can  be  written  for  a  point  c  at  the  intersection  of  four  different  regions  (as  shown 
in  Fig. 5)  as: 


=  0 


f  €  (^pd<f)  + 

<>  L  dp 


(13) 
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Fig.5  Grid  point  c  at  the  intersection  of  four 
different  dielectric  regions 
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Applying  the  left  hand  side  of  equation  (13)  to  the  contour  normal  to  the  interface  between 
regions  1  and  2,  as  shown  in  Fig,5,  gives 


^(Pt-Pc) 


4(P,-Pc) 


At  the  interface  between  regions  2  and  3, 


dV  ,  (PrPc)  (Pc'Pj) 

e - dp  =e, - (V, -Vj  +e. - 

pdcf>  ^2pi<i>r^y  '  ^2pict>,-4>) 


(VrV) 


(14) 


(15) 


At  the  interface  between  regions  3  and  4, 


dp  ^(Pc-Pb)  ^(Pc-Pb) 


(16) 


Finally,  at  the  interface  between  regions  4  and  1, 


dV  (Pc-Pb) 


■{e-^dp- 

J  pd(t) 


4  0  rAVrVye,^^:y^-;-,(V-V) 


(17) 


After  arranging  these  terms  we  obtain  a  general  expression  for  the  node  equation  at  point  c  as: 
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(p+p )  1 

'  :[ei(<^>r<^r) ^^^TTT—Ts^hiPt-P)  +e3(p,-Pj)] 


4(p,-Pc) 


'^pMt-<t>c) 


(p  +p.)  1 


-K 


I  (Pr-"Pc) 
''  4(prPc) 

(Pc-^Pfc) 


(18) 


[e3(<^r<^c)'^e4('^c"<^r)]f  " 


=  0 


4(P,-P,)' 

Special  cases  can  be  obtained  from  this  general  expression  for  a  node  at  the  comer  of  three 
different  dielectric  regions  as  shown  in  Fig. 6. 


2-2.  First  Order  Approximate  Boundary  Condition  (ABCl) 

For  the  transmission  lines  shown  in  Figs.l  and  2,  the  outer  artificial  boundary  can  be 
shielded  using  a  perfect  electric  conductor  (PEC),  and  hence,  the  potential  at  the  boundary  is 
set  to  zero.  However,  when  the  transmission  line  is  not  shielded  by  a  PEC,  an  approximate 
boundary  condition  should  be  applied  at  an  artificial  boundary  in  order  to  truncate  the  FD  mesh 
so  that  numerical  analysis  can  be  carried  out.  The  first  order  boundary  condition  used  is 
proposed  by  A.Khebir,  et.al.[10].  The  series  expansion  for  the  electric  potential  is  defined  as 

y(p,<^)  =  Co  H-  4(<^)lnp  +  (19) 

n=l  p" 

The  constant  term,  Co,  is  dropped  because  the  potential  at  infinity  is  zero.  The  second  term  in 
equation  (19)  is  also  dropped  because  of  the  charge  free  enclosed  by  the  mesh  bounded  by  the 
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Z  +  ^  =  0 

P  dp 

Equation  (23)  will  be  implemented  along  the  outer  boundary  of  the  mesh.  The  grid  point  system 
on  the  outer  boundary  of  the  mesh  is  shown  in  Fig. 4.  The  grid  point  c  resides  on  the  outer 
boundary  and  r  is  a  point  outside  the  outer  boundary.  Because  point  t  lies  outside  the  mesh,  it 
is  not  possible  to  enforce  Laplace’s  equation  (8)  at  node  point  c  in  the  usual  manner.  Instead, 
equation  (23)  is  applied  first  to  determine  the  potential  at  point  t,  in  terms  of  V^,  V^,  and  Vj,. 
Once  the  V,  is  known  then  equation  (8)  can  be  enforced.  At  the  point  c,  if  equation  (6)  is 


substituted  equation  (23),  it  can  be  arranged  to  obtain  the  expression: 


Further  substitution  of  (24)  into  the  Laplace’s  equation  (8),  one  obtains: 

2^2,  (p,+Pfc-2p,) 

(Pt~Pc)(Pc~Pb)  Pc(<}>r^c)(^c~^r)  Pc(PrPc)(Pc~Pb) 

^  (?Pc-Pb)(P^Pb-'^Pc)  ^  QPc-Pb) 
Pc(PrPc)(Pc-Pbf  PciPc-Pb) 

OPq-p)  ^  Opc~Pb)(prPc) 

^  1  Pc(Pc~Pb)(prPb)  Pc(prPb)(Pc~Pb)^ 

-Vr 


(p,-*-Pb-'^pc)(prPb)  ^  (prPc)(prPb)  (prpf 

ipc-Pbf  pc(pc-pb)  %c-pbf 


Alternatively,  one  can  substitute  (24)  into  (18)  to  obtain: 
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(p,+p.)(p,-^Pi,-2p,)(prPi)p 

- - TT - - i^lWc-^r)  -^^2(^1  -^c)i 

HprPc)(pc-Pt) 

(Pt+Pc)(PrPb)  r.,  ..  .  (,  , .. 

4p(p -p  V  "  ^ 

4(prPc)  ^pMr^c) 

-O  %(<#■.-■>  J]  ^f.(p,-p.)] 

4(P,-Pfc)  ^PA^c~^r) 


(Pt^Pc)(PrPc)r.  (Pc^Pb) 


^iPc-PhY 


2-3.  Second  Order  Approximate  Boundary  Condition  (ABC2) 

In  this  section,  a  higher  order  approximate  boundary  condition  will  be  developed.  This 
higher  order  A.B.C,  includes  more  terms  than  the  lower  order  ABCl,  and  should  thus  be  more 
accurate  when  the  outer  artificial  boundary  is  relatively  close  to  the  strips.  In  order  to  develop 
a  general  expression  for  ABC2,  we  first  define: 


f/.ii.i 

dp  p 


Then,  the  right  hand  side  of  equation  (22)  is  replaced  with  U  to  obtain: 
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JJ  -  _^2  _  ^3  _  ^^4 

■  “7""/ 


Equation  (28)  can  be  differentiated  with  respect  to  p  to  obtain: 


bv  ^  3^2^8^3^15.44^ 
ap  '  p^  P^  P^ 

Now,  multiply  (28)  by  3/p  and  then  add  it  to  (29)  to  obtain: 


3  377  3.4,  6.4,  9.4.  3.4,  SA  15.4. 

±U+—  =  - -- -- !-••+ — 1+ — 1+ - -+• 


which  can  be  rewritten  as: 


^+lu  =  (31) 

ap  p  p*  p®  p’ 

if  the  definition  of  XJ  is  used  and  the  right  hand  side  of  the  equation  is  set  equal  to  zero,  one 
obtains: 


=  0 

dp  p  dp  p 


which  is  equivalent  to: 


a^K  4  ay  2 

_ f  +  _: _ i  +  j-  V  =  0 


This  expression  can  be  used  to  obtain  the  voltage  at  point  t  for  the  grid  point  system  on  the  outer 
boundary  of  the  mesh  as  shown  in  Fig.4.  The  grid  point  c  resides  on  the  outer  boundary  and  t 
is  a  point  outside  the  outer  boundary.  To  obtain  V,  in  terms  of  and  substituting  equations 
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(6)  and  (7)  into  (33)  to  obtain  in  terms  of  Vg,  V^,  and  V,,,  which  can  be  written  as: 


V=V 

t  c 


jprPb)  _  2(prPj,)(p/pfc~^Pc)  _  iprPc)iPc-pb) 

Pc(Pc~Pfe)(3Pc“2p6)  p/(p^-p^)(3p^-2pj)  p/(3p^-2pj) 


iPt-Pc) 


^iP^-Pcf 


Pc(Pc  ~Pb) OPc  ~'^Pb)  Pcipc ~Pb)OPc  ~'^Pb) 


Equation  (34)  can  then  be  substituted  into  the  Laplace’s  equation  (8)  to  obtain: 


2  ^  2  _  jPt^Pb-'^P) 

(Pr“Pc)(pc“Pfc)  Pci^r^)i<i>c-<i>)  Pc(prPc)(Pc-Pi,) 


(3p,-P6) 


OPc~Pb)  ,  2(3p^-pj)(p,+p^-2p^) 


(P,-Pc)(Pc"Pi)(3pc"2pj)  p/(3p -2p.)  P>rPc)(P."Pi.)(3pc"2Pi,) 


OPc~p) 


Qpc~P^ 


^(prPc)OPc~Pb) 


pc(Pc-Pb)(prPb)  (prPb)(Pc-Pb)Opc~^Pb)  Pc(prPb)(Pc-pb)(^Pc-^Pb) 


2  I  J  2 


However,  when  substituting  (34)  into  (18),  one  obtains  a  general  expression  for  grid  points  at 


the  artificial  boundary,  as: 
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,  (P,+  Pc)(PrPc)  Pc(P»+Pc) 

2(Pc-Pt)(3Pc-2Pi)  4(p^-p^)(3p,-2p^ 

(p  +Pi.) 

^^(c.(*,-4>>.,(4,,-4.,)).^^^^(£,(p,-p>e,(p,-p^) 

(p  +p.)  1 

+ — - (€o(<l), “4) J+€.(^. -<}),))+ - (e^(p  “PJ+ei(p,“P  )) 

4(Pc-Pi)  (2p,(<l>c-(l),)  "  "  ^  " 


+(  (P/'^PcXPrPi^(Pf+Pj,-2Pc)  ^  (p,-*-Pc)(PrPz>) 
2(PrPcXPc“Pi)(3pc"2pj)  4p^(3p^-2pj) 


Pc(Pt^Pc)(PrP») 

4(PrPc)(Pc’Pj)(3Pc"2Pfr) 


)(ei(4)c-<i),)+€2(<|)j-<j)^)) 


2-4.  Banded  Matrix  Solution 

From  the  equations  describing  the  potential  at  the  grid  points,  it  is  noted  that  the  potential 
V  at  each  node  is  related  only  to  its  four  immediate  neighbor  nodes.  Therefore,  application  of 
any  of  those  equations  to  all  grid  points  in  the  solution  mesh  leads  to  a  set  of  simultaneous 
equations  of  the  form 

[A][X\  =  [B] 

where  matrix  [A]  is  a  sparse  matrix,  i.e.  it  contains  many  zero  elements,  [X]  is  a  column  matrix 
containing  all  unknown  potentials,  V,  for  node  points,  and  [B]  is  a  column  matrix  which  contains 
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the  known  potential  at  some  fixed  nodes.  Matrix  ^4]  is  banded  in  which  its  non-zero  elements 
are  clustered  near  the  main  diagonal.  Matrix  [XJ,  can  be  obtained  from 

[X]  =  [Arm 

Where  the  Linpack  [11]  subroutines  SGBCO  and  SGBSL  are  used  to  invert  and  factorize  the 
banded  matrix  [A].  Once  the  solution  of  the  unknown  matrix  [X]  is  obtained,  the  characteristic 
parameters  of  the  CMSTL  can  be  determined  as  described  in  the  next  section. 
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m.  COMPUTATION  OF  THE  CYLINDRICAL  TRANSMISSION  LINE 
CHARACTERISTIC  PARAMETERS 

3-l.The  Charges  on  the  Strip  Lines 

The  computation  of  the  characteristic  impedance  and  the  phase  velocity  for  cylindrical 
transmission  line  with  an  inhomogeneous  medium  requires  calculating  the  capacitances  of  the 
structure,  with  and  without  the  dielectric  material.  Since  the  capacitance  per  unit  length  is 
directly  related  to  the  charges  per  unit  length  on  the  strips,  the  problem  is  reduced  to  finding  the 
total  charge  per  unit  length  on  the  strips.  The  microstrip  transmission  lines  shown  in  Figs.  1  and 
2  have  two  conductors  which  are  placed  between  the  two  different  dielectrics,  superstrate  and 
substrate.  It  is  assumed  throughout  the  analysis  of  the  problem  that  the  conductors  are  perfectly 
conducting  strips  and  the  dielectric  materials  are  lossless,  isotopic,  and  homogeneous.  Let  Q* 
denote  the  total  charge  on  the  i*  conductor.  If  Gauss’s  law  is  applied  to  a  closed  path  L 
enclosing  the  i*  conductor,  the  total  charge  on  that  conductor  is  then  expressed  as: 

jD-ds  =  jeE-ds  =  QL  (37) 

where  D  is  the  displacement  vector  and  ds  is  the  element  area.  Substituting  for  E  =  -VV  in 
equation  (37)  yields: 


(38) 


where  g  is  the  length  of  the  line  along  the  z-axis  and  L  is  the  contour  surrounds  the  i*  conductor. 
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The  integrand  in  equation  (38)  is  independent  of  z,  and  hence  the  integral  along  the  z-axis  is  a 
constant.  The  total  charge  per  unit  length  is  then  given  from  equation  (38)  as 


Equation  (39)  can  be  explicitly  prescribed  on  the  four  sides  surrounding  the  conductor,  as 


where  the  notation  rs,  is,  ts  and  bs  stand  for  the  right,  left,  top  and  bottom  sides  respectively. 
To  further  illustrate  how  equation  (40)  is  applied,  consider  the  grid  points  shown  in  Fig.7a. 
Applying  (38)  on  the  right  and  left  sides  yields  an  approximate  result  of 


r  ^l”^3  +  ^4 "^6  1/-  _  ^ 

2  lp^ict>^-4>y 


r 


V  -V 


P8(^7“^9) 


(41) 


Further  partial  contribution  to  charge  from  right  side  integral,  the  left  side  contribution  is: 
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^1-^3  . 

2  lp,(4>r<l>3)  P5(<^4-<^6)-l  ^ 

.e,r  y.-F.  ^  vn  • 

2  Ln,(<i  -<i,)  Po(6-i-(l>^)- 


K-K 


,^2r  ,  vn  . 

2  ^Ps(4>4-<I>^  Pg(^7"^9)-'  ^  * 


For  simplicity,  the  charge  along  the  top  and  bottom  sides  can  be  expanded  by  assuming  that 
there  are  only  a  few  grid  points  on  the  closed  contour  as  shown  in  Fig. 7b.  Applying  (38)  on  the 
top  and  bottom  sides  yields  the  approximate  result: 


,  e,  V.-V/]  ^o\'Va-V.  F,-y„l 

QL  =  -4  (<f>r<f>s)P2  -4 

2  Lpj-pj  P4-P6J  2  Lp,-p^  P-,-/3oJ 


P4"P6  P7"P9- 


-I  -I 

2*  ^  P7  P9  PlO  ^12"^  ^  ^  Pm  Px'y  Pii  Pi^-J 


PlO  P12  Pl3“Pl5- 


,  e,  ry.-yi  y«-y4i  e,  \v.-v.  k-ki 

Qts  =  -4\  (<^5-<^>2)P2  -4  (0g-05)P: 

2  Lp3-Pj  P6-P4J  2  Lp^-p,  Po-p^J 


Pe  P4  P9  Py 


.fi  rn-^7.  ^12-^1 


2  L  P12  PlO 


P.n-I  2  L.  Pj2  Pjp  Pjj  Pl3-* 


Where  the  total  charge  per  unit  length  on  the  i*  conductor  is  then  described  as  the  sum  of  the 
partial  charge  contributions: 


=  -LQ^  +  Qj  +  Qis  +  Qls^,  ?=1,2 


g 


(45) 
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3-2.  Computation  of  Mutual  and  Self  Capacitances 

The  theory  of  multi-conductor  transmission  lines  has  been  widely  discussed.  In  general 
the  equations  relating  voltages  and  charges  to  capacitances  are  given  by 

Qi  =  ,  02  =  C2i(v2-Vj)+C22V2  (46) 

where  the  coefficients  Q  are  called  self  capacitances,  and  Qj  are  mutual  capacitances.  For  the 
odd  mode  of  excitation,  =-V2= 1  V  and  hence  the  charges  on  strips  1  and  2  are  denoted  by 
Q20,  respectively.  Whereas,  when  V2=V2=1  V,  the  charges  on  strips  1  and  2  are  denoted  by 
Qief  <22«j  respectively.  Applying  these  two  types  of  excitations  on  the  cylindrical  microstrip  line, 
and  using  equation  (46),  one  gets 

—  /I  —  ^\.o  ^le  ^  _  ^2o  ^''le  ^  ss  O  (47) 

^11  ^U’  ^12  - 2 - ’  - 2 - ’  ^22  »2e 

3-3.  Lnpedance,  Phase  Velocity  and  Effective  Permittivity 

For  a  symmetric  transmission  line,  the  total  charge  per  unit  length  on  the  conductors  will 
be  of  equal  magnitude  and  sign  for  even  mode,  i.e., 

Q, -02- e,  (‘‘8) 

while  for  odd  mode,  the  charges  will  be  equal  in  magnitude  but  opposite  in  sign,  i.e., 

0,-  -02-  0,  (‘*9) 

In  such  a  case,  the  capacitances  can  be  related  to  the  odd  and  even  total  charges  as: 


28 


^11  ^22  Qe 


Q  -Q 

^12  "  ”  2 


The  effective  permittivity  of  the  line  for  the  even  and  odd  modes  are  then  defined,  respectively 


-  A  =  ^ 

2  Q 

^ao 


where  the  subscript  a  stands  for  the  charge  with  the  dielectric  material  replaced  by  free  space. 
With  known  effective  permittivities,  the  even  and  odd  mode  velocities  of  propagation  (v^  and  vj 
are  given  by; 


v=_^=c  ^  ,  v=_^=c 


where  the  velocity  of  light,  c«  2.998x10*  m/s.  Once  the  capacitance  and  velocities  of 
propagation,  are  determined,  the  impedances  and  are  obtained  from: 


7  _  1  7-1 

“  vQ  ’  vQ 

e^e  0^0 


and  in  terms  of  the  charges  only,  and  Z^  can  be  written  as: 


7  =  ^  Z  =— — 1— 

oe  I  ^  oo  I 

C^QeQae  ciQoQao 


(55) 
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When  this  coupled  transmission  line  is  used  as  a  couphng  device,  its  characteristic  impedance 
is  usually  given  by 


Z  =t/Z  z 

o  y  oe  oo 


3-4  Coupling  Coefficient 

Another  important  parameter  that  describes  the  electrical  coupling  factor  between  strip 
1  and  strip  2  is  defined  as  k^—V^/V\  where  is  the  voltage  induced  on  strip  2  due  to 
applied  on  strip  1  [12].  Hence,  from  the  open  circuit  voltage  for  a  symmetric  CMSTL, 
reduces  to 


K  =  201ogjo 


(57) 
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IV.  NUMERICAL  RESULTS 

In  all  the  numerical  examples  presented  here,  it  is  necessary  to  point  out  that  all  radial 
distances  are  normalized  to  the  radius  of  the  conducting  core,  r,  and  hi,  h2,  and  h^,  are  defined 
as  (a-f)lr,  {b-a)/r  and  (c-b)/r,  respectively;  t  is  defined  as  normalized  thickness  of  strips,  as 
shown  in  the  Figs.  1  and  2.  The  truncation  of  the  dielectric  substrate  and  the  overlay,  as  shown 
in  Fig.2,  can  be  specified  by  changing  a,  and  a„,  non-truncated  geometry  is  defined  as  5=360°, 
and  iV„„  Nj,  iVj,  N^,  and  N4  represent  the  number  of  the  FD  nodes  on  each  strip,  and  the  number 
of  nodes  along  the  radial  direction  along  the  substrate,  strip,  overlay,  and  air-layer,  respectively. 
It  is  always  assumed  that  the  geometry  of  the  CMSTL  is  symmetric  around  the  y  axis. 

4.1  Microstrip  Transmission  Line  with  a  Dielectric  Notch 

4.1.1  Verification  of  Computed  Data 

In  order  to  verify  the  numerical  results  generated  by  our  computer  program,  a  special 
case  is  selected  to  compare  its  results  with  the  published  data  in  [3].  The  configuration 
parameters  for  this  case  are  such  that  h2=0.2,  h3=0.5,  t=0.001,  6=360°,  bs=b^=2.Q{a-r)la, 
€,1=1.0,  e,2=^r3=9.6.  The  ratio  of  ria,  is  then  varied  from  0.5  to  0.9.  Figs.Sa  and  8b  show  the 
odd  and  even  modes  characteristic  impedances  and  effective  permittivities  versus  rIa.  As  shown 
in  the  figures,  the  results  obtained  in  this  study  and  those  in  Figs.3  and  4  in  [3]  indicate  good 
agreement  with  a  maximum  difference  of  2.2%. 


reference  [3] 
finite  difference 


reference  [3] 
finite  difference 


Fig.Sa  Odd  and  even  modes  characteristic  impedance 

012=0.2,  h3=0.5,  t=0.00 1,  8„=8,=2.0  (a-r)/a, 

8, 1=1.0,  8,2=8, 3=9.6,  8=360°,  N2=1,N3=4, 

N,=5t 


Ceff  (®ven  mode)  e^ff  (odd  mode) 
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4.1.2.  Effect  of  Artificial  Boundary 

It  is  very  important  to  place  the  artificial  boundary  for  the  finite  difference  analysis  at 
the  proper  position  in  order  to  obtain  accurate  results  for  the  characteristics  of  the  transmission 
line.  It  is  also  always  desirable  to  place  the  artificial  boundary  as  close  to  the  strips  as  possible 
and  yet,  not  affect  the  accuracy  of  the  numerical  results.  The  closer  the  distance  between  the 
artificial  boundary  and  the  strips,  the  smaller  the  FD  mesh  size  will  be,  and  consequently,  the 
order  of  the  resulting  matrix  equations  is  reduced  and  faster  numerical  solution  is  achievable. 
In  order  to  study  the  effects  of  position  of  the  artificial  boundary  on  the  characteristics  of  the 
transmission  line,  a  geometry,  as  shown  in  Fig.l,  is  selected  for  this  analysis,  where,  the 
distance  hs  is  varied  from  0.1  to  1.7.  Other  parameters  selected  are  such  that  hi=0.2,  h2=0.1, 
t=0.001,  5„=10°,  6,=10°,  5„=6°,  and  e^,  and  €,3  are  set  to  2.2,  4.7  and  9.6,  respectively. 
Figures.9a  to  9d  show  the  capacitances,  coupling  coefficient,  and  characteristic  impedances, 
normalized  phase  velocities  and  effective  permittivities  for  even  and  odd  modes  versus  hs.  It  can 
be  easily  seen  that,  in  this  group  of  results,  using  ABC2,  the  artificial  boundary  can  be  placed 
at  a  closer  position  to  the  strips  than  using  the  ABCl  or  the  PEC  boundaries.  This  is  because 
there  are  no  significant  changes  in  the  CMSTL  characteristics  using  ABC2  when  the  distance 
hs  becomes  greater  than  0.5.  The  numerical  results  based  on  ABCl  and  ABC2  are  almost 
identical  when  is  larger  than  1  as  expected.  This  behavior  is  clearly  observed  for  the  CMSTL 
with  full  or  truncated  dielectric  material  and  with  thin  or  thick  strips.  Similar  results  are  obtained 
for  truncated  CMSTL  in  Fig.2,  although  the  results  are  not  shown  here.  The  second  order 
approximate  boundary  condition,  ABC2,  with  ^j=0.5,  is  then  applied  in  all  subsequent 
numerical  results  presented  here. 


Cj,  (pF)  c„  (pF) 
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Fig. 9a  Effect  of  artificial  boundary  on  capacitances 

for  non- truncated  CMSTL 

(hi=0.2,  h2=0.1,  t=0.001,  5=360°,  5^=10°,  5  =10°,  5^=6°, 
8j1=2.2,  8r2=4.7,  8r3=9.6,N^=10,  Ni=4,  N2=1,  N3=3, 
N4=3  -  8) 
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0  0.5  1  1.5 

hg 

Fig.9b  Effect  of  artificial  boundary  on  coupling  and 
phase  velocities  for  non-truncated  CMSTL 

(lii=0.2,  h2=0.1,  t=0.001, 5=360°,  5^=10°,  83=10°,  5^=6°, 
8ri=2.2,  8r2=4.7,  Sr3=9.6,  N^=10,  Ni=4,  N2=1, 

N3=3,  N4=  3  -  8) 


Zq  (ohms)  Zg  (ohms) 
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Fig.9c  Effect  of  artificial  boundary  on  impedances 

for  non-truncated  CMSTL 

(hpO.2,  h2=0.1,  t=0.001,  6=360°,  6^=10°,  5  =10°,  6^=6°, 
8ji=2.2,  8^2=4 .7,  8j3=9.6,  N^=10,  Ni=4,  N2=1> 

N3=3,  N4=3  -  8) 
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Fig.9d  Effect  of  artificial  boundary  on  effective  dielectric 
constant  for  non-tnmcated  CMSTL 

(hi=0.2,  h2=0.1,  t=0.001,  5=360°,  5^=10°,  8, =10°,  5^=6° 
8ri=2.2,  8r2=4.7,  8, 3=9.6,  N^=10,  Ni=4,  N2=3, 

N3=3,  N4=3  -  8) 
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4.1.3.  Convergence  of  Numerical  Results 

The  convergence  of  our  numerical  solution  can  be  observed  in  Figs.  10a  and  10b  for  non- 
truncated  and  truncated  CMSTLs,  respectively.  In  the  figures  the  even  and  odd  mode 
characteristic  impedances,  and  Z^,  versus  N  which  is  the  order  of  the  matrix  [X],  are  shown. 
For  the  results  shown  in  Figs.  10a  and  10b,  hi=0.2,  h2=0.1,  and  h3  is  set  to  0.5,  t=0.001, 
5^=10°,  5^=10°,  8„=6°,  €,1=2.2,  e,2=4.7  and  e,3=9.6.  With  fixed  h3,  increasing  N  improves 
the  accuracy  of  the  numerical  results,  however,  it  is  clearly  seen  from  the  figures  that 
convergence  is  achievable  when  N  is  in  the  order  of  2000. 

4.1.4a  Effect  of  the  Dielectric  Material  of  the  Overlay  (Superstrate) 

The  effects  of  the  dielectric  material  of  the  superstrate  is  studied  with  the  configuration 
defined  by  hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  6w=10°,  5,=10°,  5„=6°,  and  e,3  is  set 

to  1.0  and  9.6,  respectively.  The  dielectric  constant,  6,1,  is  then  varied  from  1  to  16.  The 
influences  of  various  e,i  and  different  €,3  on  the  characteristic  parameters  of  the  transmission  line 
are  tested  for  both  truncated  and  non-truncated  geometries  as  shown  in  Figs.l  and  2.  The  size 
of  the  truncated  geometry,  a,  and  in  this  case,  are  set  to  72°,  which  means,  the  edges  of  the 
substrate  and  the  overlay  are  at  3°  away  from  the  conductor  strips.  Fig.  11a  shows  the  influences 
of  6,1  and  6,3  on  the  self  and  mutual  capacitances  for  non-truncated  geometry,  while  Fig.  12a 
shows  those  influences  for  truncated  geometry.  As  can  be  seen,  the  mutual  capacitances  are 
directly  proportional  to  the  6,1,  while  €,3= 1.0  and  9.6.  It  is  noted  that  self  capacitance  obtained 
by  placing  dielectric  material  into  the  notch  exhibits  a  marked  deviation  from  the  result  obtained 
by  removing  dielectric  material  from  the  notch.  In  this  case,  using  dielectric  material  in  the 
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Fig.  10a  Convergence  of  numerical  results 
for  non- truncated  CMSTL 

(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  5=360°,  5^=10°,  5, =10°,  5^=6° 
£^1=2.2,  8r2=4.7,  8r3=9.6,  N^=4  -  12,  Ni=4,  N2=1,  N3=3,  N4=4) 
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Fig.  10b  Convergence  of  numerical  results 
for  truncated  CMSTL 

(hi=0.2,  h2=0.1,  h3=0.5,  t=0,001, 5^=10°,  63=10",  5^=6°, 

8ji=2.2,  8r2=4.7,  8r3=9.6,  as=ao=72°,  N^=4  - 12,  Ni=4, 
N2=1,  N3=3,  N4=4) 
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Fig.  1  la  Effect  of  dielectric  overlay  on  capacitances 

for  non- truncated  CMSTL 

(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  53,=10“,  5, =10°,  5^=6 
8=360°,  8,2=4.?,  N^=8,  Ni=4,  N2=l,  N3=3,  N4=4) 
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notch  reduces  the  mutual  capacitances,  but  not  significantly,  as  shown  in  the  Fig.  11a  and 
Fig.  12a.  Figures  lib  and  12b  show  that  the  coupling  coefficient  increases  with  e^i.  It  is  found 
that,  for  this  geometry,  using  a  dielectric  notch  between  strips  did  not  show  significant 
decoupling  between  lines.  Furthermore,  the  influences  on  the  characteristic  impedances,  effective 
permittivities  and  normalized  phase  velocities  are  studied  for  even  and  odd  modes  of  the 
transmission  line  with  truncated  and  non-truncated  geometries,  respectively.  Figs.  11c  and  lid 
show  characteristic  impedances  Z^,  Z^,  and  effective  permittivities  versus  with  different 
for  non-truncated  geometry.  The  Z^,  Z^  and  versus  with  different  e,.^,  for  truncated 
geometry  are  depicted  in  Figs.  12c  and  12d,  respectively.  It  is  noted  from  Fig. lib  that  the  even 
and  odd  normalized  phase  velocities,  and  v„,  are  equalized  at  approximately  eri“4  and 
€,1=6.5,  as  €,3=1.0  and  e,3=9.6  respectively,  which  means,  for  this  specific  case  (non-truncated 
geometry),  the  line  distortion  is  eliminated.  Similar  behavior  for  truncated  geometry  can  be 
observed  in  the  Fig.  12b,  and  are  equalized  at  almost  the  same  point,  where  €,i=4.2,  for 
€,3  =  1.0  and  €,3=9.6.  These  properties  show  that  the  use  of  truncated  and  non-truncated  CMSTL 
with  different  dielectric  material  in  the  notch  allow  for  a  distortionless  line  at  different  values 
of  the  dielectric  constant  of  the  overlay. 

4.1.4b  Effect  of  the  Substrate  Dielectric  Material 

The  effect  of  the  dielectric  constant  in  the  substrate  is  investigated.  The  configuration 
selected  was  such  that  hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  6„=10°,  55=10°,  and  5„=6°.  The 
dielectric  constant  of  superstrate,  €,1,  is  set  to  2.2,  and  the  dielectric  constant  of  the  notch,  €,3, 
is  set  to  9.6,  the  angles,  a,  and  a^,  are  set  to  72°.  The  dielectric  constant  of  the  substrate,  €,25 
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is  then  varied  from  1  to  16.  The  same  test  is  made  for  the  truncated  geometry  with  the  same 
parameters.  Figs.  13a  to  13d  show  the  capacitances,  coupling  coefficient,  normalized  phase 
velocity  and  the  even  and  odd  mode  impedances  as  a  function  of  e^.  As  can  be  seen  in  Fig.  13a, 
the  self  and  mutual  capacitances  are  both  directly  proportional  to  the  dielectric  constant  of 
substrate,  e^,  for  both  truncated  and  non-truncated  geometry.  Figure.  13b  shows  that  the  coupling 
coefficient,  k^,  decreases  as  increases.  Figures.  13c  and  13d  show  the  characteristic 
impedances  (Z^,ZJ  and  relative  effective  permittivities  (e^)  for  even  and  odd  modes  versus  e,2- 
As  it  can  be  seen,  from  these  figures,  all  these  parameters  do  not  show  significant  differences, 
in  relative  percentages,  between  the  results  for  use  of  the  truncated  and  the  non-truncated 
geometry.  It  should  be  noted  that  the  even  and  odd  normalized  phase  velocities,  and  as 
shown  in  Fig.  13b,  are  equal  to  each  other  at  approximately  €,2=1.5  for  non-truncated  and 
6,2 =2.5  for  truncated  geometry,  which  means,  that  the  distortionless  propagation  on  the  line  is 
achievable  using  a  dielectric  notch  in  the  substrate  between  strips  for  truncated  or  non-truncated 
geometries.  A  special  case  is  created  to  study  the  effect  of  removing  the  dielectric  material  from 
the  notch.  The  same  configuration  and  parameters  are  used  in  this  case  as  those  in  above  one, 
but  6^3  is  now  set  to  1,  which  represents  an  air-dielectric  notch.  The  e,2  is  then  varied  from  1  to 
16.  The  influences  of  e,2  on  the  self  and  mutual  capacitances  between  these  two  strips  are  shown 
in  Fig.  14a.  It  is  noted  that  the  influences  of  e,2  on  the  self  capacitance  of  two  strips  do  not  show 
much  differences,  compared  with  the  above  case  in  which  a  dielectric  notch  was  used  in  the 
substrate  and  placed  between  two  strips.  However,  the  influences  of  e,2  on  the  mutual 
capacitance  Cj2  (or  C21)  for  the  use  of  truncated  geometry  is  very  different  from  the  previous 
case.  As  can  be  seen  in  Fig.  14a,  the  mutual  capacitance  (using  truncated  geometry)  does  not 
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Fig.  13a  Effect  of  dielectric  substrate  on  capacitances 

(hpO.2,  h2=0.2,  h3=0.5,  t=0.001,  6^=10°,  83=10°,  5^=6°, 
Eri=2.2,  Sr3=9.6,  as=ao=72°,  N^=10,  Ni=4,  N2=l, 
N3=3,  N4=4) 
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Fig.  13b  Effect  of  dielectric  substrate  on  coupling  and 

phase  velocities 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  5, =10°,  5^=6°, 
£ri=2.2,  8r3=9.6,  as=ao=72°,  N^=10,  Ni=4,  N2=l, 
N3=3,N4=4) 


Fig.  13c  Effect  of  dielectric  substrate  on  impedances 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  6^=10°,  5^=10°,  5^=6 
Eri=2.2,  8r3=9.6,  ,  N^=10,  Ni=4,  N2=1, 

N3=3,  N4=4) 


Fig.  13d  Effect  of  dielectric  substrate  on  effective 

dielectric  constants 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  6^=10°,  8  =10°,  8^=6' 
8, 1=2.2,  8r3=9.6,  as=ao=72°,  N^=10,  Ni=4,  N2=l, 
N3=3,N4=4) 


Fig.  14b  Effect  of  dielectric  substrate  on  coupling 

and  phase  velocities 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  5^=10°,  5^=6' 
8,i=2.2,  8,3=1.0,  a=a=72°,  N^=10,  Ni=4,  N2=l, 

N3=3,  N4=4) 
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show  significant  percentage  variations  as  6^2  increases.  Fig.  14b  shows  that  the  coupling 
coefficient  decreases  as  increases.  It  is  also  noted  that  the  use  of  truncated  geometry  with  an 
air-dielectric  notch  exhibits  a  better  decoupling  between  lines,  compared  with  the  results  obtained 
by  using  a  dielectric  notch.  Fig.  14b  also  shows  that  the  even  and  odd  modes  phase  velocities, 
Vg  and  Vg,  are  equalized  at  approximately  e,.2=3.  These  properties  show  that  a  possible  method 
for  reducing  mutual  coupling  between  the  transmission  lines  is  by  using  a  truncated  geometry 
with  an  air-dielectric  notch  in  the  substrate  and  for  a  distortionless  line  by  selecting  proper  value 
of  the  dielectric  constant  of  the  substrate. 

4.1.4c  Effect  of  the  Notch  Dielectric  Material 

Another  case  is  selected  to  study  the  effect  of  the  dielectric  constant  of  the  notch.  The 
configuration  selected  is  such  that  hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  6,^=10'’,  5,=10°  and 
6„=6°.  The  size  of  truncation,  a,=a<,=72°,  and  the  dielectric  constants,  e^i  and  are  set  to  2.2 
and  4.7,  respectively.  The  dielectric  constant  of  notch,  is  then  varied  from  1  to  16. 
Figs.  15a ~15d  show  the  characteristic  parameters  of  transmission  line  as  a  function  of  e,.^. 
Fig,  14a  shows  the  linear  behavior  of  the  self  capacitance  as  the  e,.^  increases.  It  is  noted  that  the 
coupling  between  strip  lines  increases  when  has  a  small  value,  and  then  decreases  after  €,.3=6, 
for  this  specific  case.  This  particular  property  shows  the  influences  of  the  dielectric  constants 
of  substrate  and  overlay  on  the  mutual  capacitance  and  the  coupling  coefficient,  as  it  will  be 
tested  in  the  following  case. 

In  order  to  investigate  the  influences  of  the  dielectric  constant  of  substrate  on  the 
characteristic  parameters  of  the  transmission  line  while  €^3  is  varying,  the  dielectric  constant,  €^2, 
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Fig.  15a  Effect  of  dielectric  notch  on  capacitances 

(hi=0.2,  h2=0.2, 113=0.5,  t=0.001,  5^=10°,  83=10°,  5^=6 
8ri=2.2, 8r2=4.7,  a=a^=72°,  N^=10,  Ni=4,  N2=l, 
N3=3,  N4=4) 


Fig.  15b  Effect  of  dielectric  notch  on  coupling 

and  phase  velocities 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001, 5^=10°,  83=10°,  5^=6 
8ri=2.2, 8r2=4.7,  as=ao=72°,  N^=10,  Ni=4,  N2=l, 
N3=3,  N4=4) 
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Fig.  15c  Effect  of  dielectric  notch  on  impedances 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  6^=10°,  8  =10°,  6^=6 

8,i=2.2,  Er2=4.7,  a=ao=72°,  N^=10,  Ni=4,  N2=l, 

N3=3,N4=4) 
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Fig.lSd  Effect  of  dielectric  notch  on  effective 

dielectric  constants 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  53=10°,  5„=6 
8ri=2.2,  8^2=4.?,  a3=ao=72°,  N^=10,  Ni=4,  N2=l, 
N3=3,  N4=4) 
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is  reduced  from  4.7  to  2.2,  which  means,  6^2  is  now  set  equal  to  Other  configuration 
parameters  are  the  same  as  used  in  previous  example.  Fig.lSe  shows  the  self  and  mutual 
capacitances  (Cii,C2i)  versus  with  e,2=2.2.  Compared  with  the  above  case,  in  which  €^2  is 
equal  to  4.7,  both  self  and  mutual  capacitances  are  reduced.  As  it  can  be  seen,  the  mutual 
capacitance  (€21)  decreases  after  is  approximately  5.  Figure.  15f  demonstrates  that  the 

coupling  coefficient,  k^,  decreases  as  e^s  increases.  It  is  also  noted  that  and  are  equalized 
at  6^3=5. 2  for  non-truncated  geometry  and  at  for  truncated  geometry.  This  figure  shows 
that  CMSTL  with  truncated  dielectric  can  be  distortionless  with  less  coupling. 

Another  case  selected  for  study  is  the  effect  of  the  width  of  notch  on  the  characteristics 
of  CMSTL.  The  configuration  is  the  same  as  the  first  case  in  this  section,  separation  between 
strips,  5s= 10°,  but  the  width  of  notch,  is  set  to  2°  and  8°,  respectively,  and  e^s  is  then  varying 
from  1  to  16.  Figure.  15g  shows  the  capacitances  versus  e,.^.  As  can  be  seen  that  there  is  an 
intersection  between  the  curves  in  the  figure.  This  occurs  when  6^5=4. 7  (i.e.,  er5=e,.2),  which 
means  that  there  is  no  notch  in  the  substrate.  At  this  point,  the  capacitances  should  have  the 
same  values  because  the  geometry  is  the  same.  From  Fig.lSh,  it  can  be  seen  that  the  coupling 
coefficient  is  further  reduced  while  the  notch  is  wider.  This  property  shows  the  advantage  of 
using  the  widest  notch  possible  for  the  best  decoupling  between  the  strips. 

4.1.5.  Effect  of  the  Width  of  the  Strips 

In  this  investigation,  the  width  of  the  strips,  is  varied  from  2°  to  20°  with  a  fixed 
spacing  between  the  strips.  Other  configuration  parameters  selected  are  such  that  hi =0.2, 
h2=0.2,  h3=0.5,  t=0.001,  55=10°,  5^=6°,  eji=2.2,  €,3=9.6,  and  the  angles,  a,,  Uo, 
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Fig.lSe  Effect  of  dielectric  notch  on  capacitances 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  63=10°,  5^=6 
Ejf=2,2,  8r2=2.2,  as=ao=72°,  N^=10,  Ni=4,  N2=l, 
N3=3,  N4=4) 
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Fig.lSf  Effect  of  dielectric  notch  on  couplmg 

and  phase  velocities 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  83=10°,  5^=6 
£j.j=2.2,  £j,2— 2.2,  (X5=0Cg=72  ,  N^=10,  Nj=4,  N2=l, 
N3=3,  N4=4) 


Fig.  15g  Effect  of  dielectric  notch  on  capacitances 

for  truncated  CMSTL 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  6^=10°,  8  =10°, 

8, 1=2.2,  8, 2=4.7,  a3=72°,  N^=10,  Ni=4,  N2=l, 
N3=3,  N4=4) 
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Fig.  15h  Effect  of  dielectric  notch  on  coupling  and  phase 

velocities  for  truncated  CMSTL 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  83=10°, 

8ri=2.2,  8r2=4.7,  a=(X^=12°,  N^=10,  Ni=4,  N2=1, 

N3=3,  N4=4) 
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are  set  equal  to  65°.  Figure.  16a  shows  the  effects  of  changing  the  width  of  the  two  strips  on  the 
capacitances  versus  5^.  As  can  be  seen  in  the  figure,  the  self-capacitance  increases  as  the  width 
of  strips  get  wider.  However,  the  mutual-capacitance  does  not  show  a  significant  increase,  thus, 
coupling  coefficient  is  reduced  as  the  strips  have  larger  width,  as  shown  in  Fig.  16b.  From  the 
same  figure,  one  notices  that,  v^-v^,  is  very  close  to  zero,  which  means,  for  this  case,  that  the 
distortion  on  the  transmission  line  is  almost  eliminated.  It  is  also  noted  that  the  use  of  truncated 
geometry  does  not  show  significant  changes  on  the  values  of  the  characteristic  parameters  of  the 
transmission  line. 

Another  case  is  investigated  to  test  the  influences  of  the  dielectric  constant  of  overlay  on 
the  characteristics  of  the  CMSTL.  For  this  case,  a  truncated  geometry  is  used,  the  size  of 
truncation,  defined  by  o',  and  and  all  other  configuration  parameters  are  the  same  as  in  the 
above  case,  but  Cji  is  now  set  2.2  and  1.0,  respectively.  Figures.  16c  to  16d  show  the  influences 
of  different  e^i  on  the  characteristic  parameter  of  the  CMSTL.  As  can  be  seen  in  Figs.  16c  and 
16d,  removing  dielectric  material  from  overlay,  the  mutual  capacitance  and  coupling  are  further 
reduced.  Figure.  16d  also  shows  that  the  difference,  v,-v„,  is  not  closer  to  zero  if  an  air-dielectric 
overlay  is  used,  which  means  that  the  use  of  an  air-dielectric  material  for  the  overlay  does  not 
show  better  distortionless  control  on  the  line,  as  compared  with  the  use  of  a  dielectric  overlay. 

4.1.6.  Effect  of  the  Spacing  between  Strips 

The  effect  of  the  spacing  between  the  strips  on  the  characteristic  parameters  of  the 
transmission  line  is  now  studied.  The  width  of  the  strips,  is  set  to  10°.  Other  configuration 
parameters  selected  are  such  that  hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=6°,  €^i=2.2,  €^=4.7, 
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Fig.  16a  Effect  of  width  of  strips  on  capacitances 

(hpO.2,  h2=0.2,  h3=0.5,  t=0.001,  83=10°,  8^=6°, 

8ri=2.2,  8r2=4.7,  8r3=9.6,  a3=ao=65°,  Ni=4, 

N2=1,N3=3,N4=4) 
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Fig.  16b  Effect  of  width  of  stops  on  coupling 

and  phase  velocities 
(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001, 83=10°,  5„=6°, 

Bji=22,  8r2=4.7, 8r3=9.6,  as=ao=65°,  Ni=4, 
N2=1,  N3=3,  N4=4) 
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Fig.  16d  Effect  of  width  of  strips  on  coupling  and  phase 

velocities  for  truncated  CMSTL 

(hi=0.2,  h2=0.1,  h3=0.2,  t=0.001,  63=10°,  5^=6°, 
8,2=4,?,  8, 3=9.6,  a3=65°,  Ni=4,  N2=l,  N3=3, 

N4=4) 
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6^3 =9.6,  and  the  angles,  a„  are  set  to  67°.  The  spacing  between  strips,  is  then  varied  from 
10°  to  28°.  Figure.  17a  shows  the  influences  of  varying  the  spacing  between  strips  on  the 
capacitances.  It  is  found  that  the  mutual  capacitances  decrease  with  5^  for  both  the  truncated  and 
the  non-truncated  geometries.  From  Fig.  17b,  it  is  clear  that  the  coupling  coefficient,  k^, 
decreases  as  the  separation  distance  increases.  Another  important  behavior  is  that  the  difference 
between  even  and  odd  normalized  phase  velocities  is  very  close  to  zero  with  increased  spacing 
between  strips,  thus,  the  distortion  on  the  line  is  further  controlled. 

Another  analysis  is  made  to  study  the  effects  of  spacing  between  the  strips  with  an  air- 
dielectric  notch  in  substrate.  All  configuration  parameters  are  the  same  as  in  previous  case,  the 
dielectric  constant  of  the  notch,  e^s,  is  now  set  to  1.  The  same  test  is  then  repeated  as  in  Fig.  17a. 
As  shown  in  Fig.  17c,  both  the  self  and  mutual  capacitances  are  reduced,  compared  with  Fig.  17a 
in  which  a  dielectric  notch  was  used.  As  it  can  be  seen  in  Fig.l7d,  however,  the  coupling 
coefficient  does  not  show  significant  changes  for  the  use  of  an  air-dielectric  notch.  After  study 
all  these  figures,  it  is  noted  that  the  use  of  different  dielectric  constants  for  the  notch  does  not 
have  much  effect  on  the  characteristics  of  the  transmission  line,  as  the  separation  distance  is 
increased. 

4.1.7.  Effect  of  the  Heights  of  the  Substrate  and  the  Overlay 

The  heights  of  the  substrate  and  overlay  are  very  important  parameters  to  the 
characteristics  of  the  transmission  line.  Usually,  the  heights  of  the  substrate  and  overlay  should 
be  selected  carefully  in  order  to  obtain  the  best  decoupling  and  equalize  the  even  and  odd  phase 
velocities.  For  this  purpose,  the  effect  of  the  substrate  height  is  first  studied.  The  configuration 


Fig.  17a  Effect  of  spacing  between  strips  on  capacitances 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  6^=6°, 

Sji=2.2,  8r2=4.7,  8f3=9.6,  as=67°,  N^=10,  Ni=4, 

N2=1,  N3=3,  N4=5) 


non-truncated 

truncated 
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Fig.  17b  Effect  of  spacing  between  strips  on  coupling 

and  phase  velocities 

(hpO.2,  h2=0.2,  h3=0.5,  t=0.001, 6^=10°,  5  =6°, 
8ri=2.2,  8r2=4.7,  8r3=9.6,  OL=67°,  N^=10,  Ni=4, 
N2=1,  N3=3,  N4=5) 


Fig.  17c  Effect  of  spacing  between  strips  on  capacitances 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0,001,  5^=10°,  S„=6°, 

Eri=2.2,  8r2=4.7,  8r3=1.0,  0[,=6T,  N^=10,  Ni=4, 

N2=1,  N3=3,  N4=5) 
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Fig.l7d  Effect  of  spacing  between  strips  on  coupling 

and  phase  velocities 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  5^=6°, 
Sri=2.2,  8r2=4.7,  £r3=1.0,  OL=6T,  N^=10,  Ni=4, 
N2=1,  N3=3,  N4=5) 
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selected  for  this  case,  is  such  that  /^2=0.2,  h3=Q.5,  t=0.001,  5,=10°,  5^=10°,  8„=6°,  €,1=2.2, 
€,2=4.7,  €,3=9.6,  and  a,=a„=12°.  The  height  of  the  substrate,  hi,  is  then  varied  from  0.1  to 
0.9.  Figure.  18a  shows  that  the  self  capacitance  decreases  and  mutual  capacitance  increases,  as 
hi  increases,  for  both  truncated  and  non-truncated  structures.  With  the  use  of  truncated  structure, 
Vg  and  v„  are  equalized  when  hi  is  approximately  0.3,  and  the  use  of  non-truncated  structure  does 
not  exhibits  this  property,  as  shown  in  Fig.  18b.  Note  that  the  coupling  is  increased  with  varied 
hi,  which  means,  for  the  best  decoupling,  height  of  the  substrate  should  be  kept  as  smaller  as 
possible.  For  the  same  analysis  with  €,i=4.7  and  €,^=2.2,  Fig.l8d  clearly  shows  that  the 
coupling  is  further  increased,  and  v„  can  not  be  equalized  at  any  height  of  the  substrate. 
Hence,  in  order  to  reduce  the  coupling  between  the  strips,  the  dielectric  constant  of  the  overlay 
should  be  smaller  than  that  of  the  substrate. 

With  the  same  configuration  parameters,  the  effect  of  the  height  of  overlay  is  studied. 
In  this  case,  hi  is  fixed  at  0.2,  and  the  height  of  the  overlay,  h2,  is  then  varied  from  0.1  to  0.9. 
It  is  clearly  seen  from  Figs.  19a  and  19b,  that  different  heights  of  the  overlay  do  not  affect  much 
on  those  characteristic  parameters  of  the  transmission  line,  for  this  specific  case  with  e,i=2.2, 
€,2=4.7  and  €,3=9.6.  For  another  analysis  with  e,i=4.7,  €^=2.2  and  e,3=9.6.  Fig. 19c  shows 
that  the  self  capacitance  is  reduced  significantly,  however,  the  mutual  capacitance  does  not  show 
much  variations,  thus  the  coupling  is  further  increased,  as  shown  in  Fig.  19d.  From  these  figures, 
the  same  conclusion  can  be  made  as  in  previous  case,  that  is,  smaller  dielectric  constant  of  the 
overlay  should  be  used  for  the  best  decoupling  between  the  strips. 
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Fig.  18a  Effect  of  thickness  of  substrate  on  capacitances 

(h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  83=10°,  5^=6°, 
1=2.2,  8r2=4.7,  8r3=9.6,  N^=10,  Ni=4, 


N2=1,N3=3,N4=5) 
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Fig. 18b  Effect  of  thickness  of  substrate  on  coupling 

and  phase  velocities 

(h2=0.2,  h3=0.5,  t=0.001,  6^=10°,  63=10°,  83,=6°, 
8ri=2.2,  8r2=4.7,  8r3=9.6,  ,  N^=10,  Ni=4, 

N2=1,  N3=3,  N4=5) 
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Fig.  18c  Effect  of  thickness  of  substrate  on  capacitances 

(h2=0.2,  h3=0,5,  t=0.001,  5^=10°,  6, =10”,  6^=6”, 
£ji=4.7,  £j2=2.2,  £j3=9.6,  <X5=72  ,  N^=10,  Nj=4, 

N2=1,  N3=3,  N4=5) 
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Fig.lSd  Effect  of  thickness  of  substrate  on  coupling 

and  phase  velocities 

(h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  6  =10°,  5^=6°, 
8ri=4.7,  8r2=2.2,  £^3=9.6,  ,  N^=10,  Ni=4, 

N2=1,  N3=3,  N4=5) 
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Fig.  19a  Effect  of  thickness  of  overlay  on  capacitances 

(hi=0.2,  h3=0.5,  t=0.001, 5^=10°,  5  =10°,  5^=6°, 
1=2.2,  Ej2=4.7,  8j3=9.6,  a  =12°,  N^=10,  Ni=4, 
N2=1,N3=3,N4=5) 
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Fig.  19b  Effect  of  thickness  of  overlay  on  coupling 

and  phase  velocities 

(hi=0.2,  h3=0.5,  t=0.001,  5^=10°,  83=10°,  5^=6°, 
8ri=2.2,  £^2=4.7,  Sj3=9.6,  a  =12°,  N^=10,  Ni=4, 
N2=1,N3=3,N4=5) 
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Fig.  19c  Effect  of  thickness  of  overlay  on  capacitances 

(h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  83=10°,  5^=6°, 
8ji=4.7,  8r2=2.2,  8r3=9.6,  N^=10,  Ni=4, 

N2=1,  N3=3,  N4=5) 
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Fig.l9d  Effect  of  thickness  of  overlay  on  coupling 

and  phase  velocities 

(hi=0.2,  h3=0.5,  t=0.001, 8„=10“,  8, =10°,  8,=6°, 
£,1=4.7,  £,2=2.2,  £,3=9.6,  a, =72°,  N„=10,  Ni=4, 
N2=1,N3=3,N4=5) 
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4.2  Performance  of  Transmission  Line  without  a  Dielectric  Notch 

In  this  section,  the  characteristics  of  the  CMSTL  without  a  dielectric  notch  are  analyzed. 
To  remove  the  dielectric  notch  from  the  substrate,  the  dielectric  constant  in  the  notch,  and 
the  dielectric  constant  in  the  substrate,  are  set  to  be  equal  to  each  other  (er3=e^).  The 
numerical  results  for  several  examples  are  discussed  in  the  following  subsections. 

4.2.1  Effect  of  the  Dielectric  Constant 

The  effect  of  the  dielectric  constant  in  overlay  is  first  investigated.  The  configuration 
selected  is  such  that  hi =0.2,  h2=0.2,  h3=0.5,  t=0.001,  6w=10°>  ^8=10°,  the  dielectric  constants 
of  substrate  and  notch,  e^,  €,3  are  both  set  to  4.7,  and  the  dielectric  constant  of  the  superstrate 
(overlay),  is  varied  from  1  to  16.  Figs.20a  and  20b  show  the  characteristic  parameters  versus 
e^i-  As  shown  in  Fig. 20a,  the  mutual  capacitances  are  directly  proportional  to  e^j,  for  both 
truncated  and  non-truncated  structures,  but  self  capacitance  with  the  truncated  structure  did  not 
show  significant  variations,  compared  with  the  use  of  non-truncated  structure.  In  Fig.20b,  it  is 
noted  that  the  coupling  coefficient  increases  as  the  dielectric  constant  of  the  overlay  is  increased. 
It  is  also  noted  from  the  same  figure  that  the  even  and  odd  mode  normalized  phase  velocities  are 
equalized  at  approximately  eri=5  for  non-truncated  structure,  and  at  €,1=3.5  for  truncated 
structure.  It  is  clear  that  the  smaller  value  of  dielectric  constant  of  the  overlay  should  be  used 
to  minimize  the  mutual  coupling  between  the  strip  lines. 

Another  analysis  is  made  to  study  the  effect  of  dielectric  constant  of  the  substrate.  The 
same  configuration  is  used  for  this  case,  but  the  dielectric  constant  of  overlay,  e,i,  is  now  set  to 
2.2,  and  are  both  varied  from  1  to  16.  Figure.21a  shows  that  the  self  and  mutual 
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Fig.20a  Effect  of  dielectric  overlay  on  capacitances 

for  no  notch  geometry 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  8„=10°.  8^=10°,  8„=6“, 
8^=E  =4.7,  a  =72°,  N„=10,  Ni=4,  N2=l,  N3=3,  N4=5) 
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Fig.20b  Effect  of  dielectric  overlay  on  coupling  and  phase 

velocities  for  no  notch  geometry 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10“,  5  =10°,  5^=6°, 
8,2=8r3=4.7,  a=12\  N^=10,  Ni=4,  N2=l,  N3=3,  N4=5) 
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capacitances  are  both  linearly  increasing  with  From  Fig. 21b,  it  is  found  that  the 

coupling  coefficient  decreases  as  and  €^3  increase.  In  this  case,  however,  the  normalized 
and  are  equalized  at  approximately  e,.2=e,.j=2.2  for  non-truncated  structure,  and  at 
^r2=%=3.2  for  the  truncated  structure. 

4.2.2  Effect  of  the  Spacing  between  Strips 

The  effect  of  the  spacing  between  strips  is  now  studied.  The  configuration  selected  in  this 
case  is  such  that  hi=0.2,  h2=0.2,  h3=0.5,  5,^=10°,  the  dielectric  constants  of  substrate  and  the 
notch,  and  6^3,  are  both  set  to  4.7,  the  dielectric  constant  of  the  superstate,  e^,  is  equal  to 
2.2,  8^  is  then  varied  from  6°  to  24°.  In  this  investigation,  strips  with  thickness  are  used  to  study 
their  effects  on  the  characteristic  parameters  of  the  transmission  line.  Figure.  22a  shows  the  self 
capacitance  increases  and  mutual  capacitance  decreases  while  the  separation  distance  between 
the  strips  increases.  It  can  be  easily  seen  that  the  use  of  thick  strips  increases  both  self  and 
mutual  capacitances,  compared  with  the  use  of  thin  strips.  It  is  also  noted  in  Fig. 22b  that  the 
coupling  coefficient  decreases  with  increased  spacing  between  strips.  All  these  figures  clearly 
show  that  the  use  of  thin  strips  leads  to  less  coupling  and  distortion  relative  to  thick  strips. 

4.3  Effect  of  the  Structure  Parameters 

In  this  research  project,  a  truncated  structure  of  the  cylindrical  strip  transmission  line  has 
been  used  in  many  numerical  analysis.  There  are  two  major  purposes  to  apply  the  truncated 
dielectric  to  CMSTL,  one  is  for  controlling  the  coupling  between  the  lines  and  elimination  of 
distortion.  The  other  is  to  save  dielectric  materials  if  the  use  of  the  truncated  geometry  provides 


Fig.21a  Effect  of  dielectric  substrate  on  capacitances 

for  no  notch  geometry 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5^=10°,  83=10°,  5,,=6' 
8,i=2.2,  N^=10,  Ni=4,  N2=1,  N3=3,  N4=5) 
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Fig.21b  Effect  of  dielectric  substrate  on  coupling  and  phase 

velocities  for  no  notch  geometry 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  6^=10°,  83=10°,  5^=6°, 
8,i=2.2,  a3=72°,  N^=10,  Ni=4,  N2=l,  N3=3,  N4=5) 
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Fig.22a  Effect  of  spacing  between  strips  on  capacitances 
for  use  of  no  notch  and  non-truncated  CMSTL 

(hi=0.2,  h2=0.2,  h3=0.5,  5^=10°,  6^=4°, 

8ri=2.2,  8,2=ex3=4.7) 


thin  strips  (t=0.001) 
thick  strips  (t=0.05) 


thin  strips  (t=0.001) 
thick  strips  (t=0.05) 


Fig.22b  Effect  of  spacing  between  stops  on  cou] 
and  phase  velocities  for  use  of  no  note 
and  non-tnmeated  CMS  XL 

(hpO.2,  h2=0.2,  h3=0.5,  6^=10^  5,=4°, 

8, 1=2.2,  £,2=£r3=4.7) 


94 


the  same  characteristics  as  the  non-truncated  CMSTL.  Since  the  size  of  truncation  affects  the 
characteristics  of  the  transmission  line,  the  effect  of  some  structure  parameters  such  as  the  size 
of  truncation  and  the  thickness  of  the  strips  are  discussed  in  the  following  sections. 

4.3.1  Effect  of  the  Size  of  Truncation 

A  case  is  selected  to  study  the  effect  of  the  size  of  the  truncated  dielectrics.  The 
configuration  selected  is  such  that  hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  6^=10°,  6^=10°,  5n=6”, 
ert=1.0,  and  €^=4.7.  The  angles,  a,  and  a„,  are  both  varied  from  0°  to  72°  with  different  6,3. 
It  is  very  clear,  from  Figs.23a  and  23b,  that  all  characteristic  parameters  are  almost  constant 
for  all  values  of  and  which  are  less  than  40°,  for  this  specific  case. 

Another  case  is  generated  to  determine  which  size  of  the  truncation  should  be  used  for 
the  same  solution  obtained  by  the  use  of  non-truncated  structure.  The  configuration  parameters 
are  hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  5w=10°,  5,=10°,  6„=6°,  €„=2.2,  and  e,3=9.6.  The 
dielectric  constant,  is  then  varied  from  1  to  10  with  different  and  a„.  It  is  important  to 
note  that  use  of  different  size  of  truncation  can  control  the  point  where  the  distortionless  on  the 
line  occurs.  It  is  clearly  noted  from  Figs.24a  and  24b,  that  the  larger  the  size  of  the  truncation 
is,  the  closer  the  results  would  be,  compared  with  non-truncated  structure.  For  this  case,  it  is 
very  clear  in  these  figures,  that  a  truncated  structure  can  be  used  with  and  are 
approximately  equal  to  10°,  to  produce  the  same  characteristics  of  a  non-truncated  CMSTL. 

4.3.2  Effect  of  the  Thickness  of  the  Strips 

In  order  to  investigate  the  effect  of  the  thickness  of  the  strips  on  the  characteristic 
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Fig.23b  Effect  of  truncated  CMSTL  on  couploing 

and  phase  velocities 

(hi=0.2,  h2=0.1,  h3=0.5,  t=0.001,  5,=10”.  8, =10°,  8„=6 
s,i=1.0,  e^=4.7,  N,,=10,  N,=4,  N2=1,  N3=3,  N4=5) 
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Fig.24b  Effect  of  dielectric  substrate  on  coupling  and  phase 
velocities  for  use  of  different  truncation 

(hi=0.2,  h2=0.2,  h3=0.5,  t=0.001,  3^=10°,  53=10°,  8^=6°, 

8, 1=2.2,  £,3=9,6,  N,,=10,  Ni=4,  N2=l,  N3=3,  N^=5) 
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parameters  of  the  transmission  line,  a  structure  is  selected  such  that  hi =0.2,  h2=0.2,  h3=0.5, 
6,=10°,  6^=10°,  6„=6°,  eri  =  1.0  and  e,2=4.7,  and  the  angles,  and  a^,  are  set  to  10°.  The 
thickness  of  the  strips,  t,  is  then  varied  from  0.001  to  0.28  with  different  6,3.  The  linear  behavior 
can  be  observed  in  Fig.25a,  where  both  self  and  mutual  capacitances  are  increased,  as  the 
thickness  of  the  strips  is  increased.  Figure.25b  shows  that  the  coupling  and  the  distortion 
increase  with  t.  It  is  clearly  noted  that  thin  strips  should  be  used  for  reducing  coupling  and 
distortion. 
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Fig.25a  Effect  of  thickness  of  strips  on  capacitances 

for  truncated  CMS  XL 

(hi=0.2,  h2=0.3,  h3=0,5,  5^=10°,  83=10°,  8^=6°, 

8, 1=1.0,  8,2=4.?,  a3=ao=72°,  N^=10,  Ni=4,  N2=l, 
N3=3,  N4=5) 
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Fig.25b 


Effect  of  thickness  of  strips  on  coupling  and  phase 
velocities  for  truncated  CMSTL 

(hi=0.2,  h2=0.3,  h3=0.5,  5^=10°,  63=10°,  5^=6°, 

8, 1=1.0,  8,2=4.?,  a3=72°,  N^=10,  Ni=4,  N2=l, 

N3=3,  N4=5) 
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V.  SUMMARY  AND  CONCLUSIONS 

A  finite  difference  formulation  for  the  analysis  of  the  characteristics  of  a  two-conducting 
strips  cylindrical  transmission  line  with  a  dielectric  notch  between  the  strips  is  presented.  The 
dielectric  materials  are  assumed  to  be  lossless,  isotopic,  and  homogeneous,  while  the  thickness 
of  the  conducting  strips  are  not  necessarily  assumed  to  be  zero.  Microstrip  lines  with  full  and 
truncated  dielectric  materials  are  used  in  the  numerical  analysis.  The  decoupling  and  distortion 
control  between  such  two-conductor  strip  transmission  line  are  investigated. 

It  has  been  shown  here  that  the  coupling  between  strip  lines  can  be  minimized  by  altering 
the  dielectric  constant  of  the  notch  material  and  use  of  proper  truncation  of  the  substrate 
material.  A  distortionless  line  is  achieved  when  these  parameters  are  selected  properly.  The 
truncation  of  the  dielectric  substrate  and  overlay  provides  a  way  to  achieve  zero  distortion.  With 
proper  dielectric  materials  in  different  regions,  it  is  found  that  the  width  of  the  strips  should  be 
as  wide  as  possible  and  the  thickness  should  be  kept  as  thin  as  possible  for  the  best  decoupling 
and  distortion  control.  The  results  also  show  that  using  dielectric  overlay  increases  the  coupling, 
but  may  reduce  the  distortion  with  proper  values  for  the  permittivity  in  the  overlay.  It  is  also 
found  that  transmission  lines  with  truncated  dielectric  materials  provides  the  same  results 
obtained  with  non-truncated  geometry. 
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